Class III antiarrhythmic agents act by selective prolongation of cardiac action potential duration (APD). Methanesulfonanilide class III agents (e.g., E-4031 and dofetilide) are extremely potent and lengthen action potentials in a "reverse" rate-dependent manner; i.e., effects are greater at low compared with high rates of stimulation. By using the whole-cell current-clamp technique in isolated guinea pig ventricular myocytes, APD was shortened by rapid pacing (244±16 msec at 30 pulses per minute, 166+8 msec at 240 pulses per minute; n =8 
T he duration of cardiac action potentials is controlled by the net current through a variety of sarcolemmal ion channels, ion pumps, and exchangers. Net membrane conductance at plateau potentials can be extremely small in ventricular cells of some species (e.g., the guinea pig) such that minor changes in outward K' conductance can significantly alter action potential duration (APD); e.g., the physiological adaptation to an increased heart rate is shortening of APD, resulting from both a small increase in net outward K' currents and a decrease in inward Na+ and Ca2' currents. -4 Modulation of APD is a recognized mechanism of action for some antiarrhythmic drugs. Pure class III antiarrhythmic agents act by specific prolongation of APD, without block of Na+ or Ca2' channels or other receptors at relevant therapeutic concentrations. 5 Many recently developed class III agents (e.g., sotalol, E-4031, vitro at low versus high rates of stimulation. [6] [7] [8] [9] [10] [11] In this study, we determine if specific and rate-independent inhibition of one type of delayed rectifier K' current (IK) in isolated guinea pig ventricular myocytes can account for the observed rate-dependent effects of dofetilide on APD. This mechanism obviates channel state-dependent block by class III antiarrhythmic agents as the cause of their rate-dependent actions. Other antiarrhythmic agents with mixed activities (e.g., quinidine) also prolong action potentials in a ratedependent manner. The mechanism of this rate-dependent action is unclear but was suggested to result from " use-dependent" block of K' current during diastole and unblock during depolarization of the membrane, perhaps by preferential block of IK channels in the closed state.12 However, more recent experiments have concluded that quinidine preferentially blocks 1K channels that are in the open state, inconsistent with the reverse rate dependence of this drug. The apparent contradiction is explained partly by the finding that quinidine blocks other voltage-dependent K' channels In this study we demonstrate that, similar to other methanesulfonanilides, dofetilide is a specific blocker of 'Kr without significant effect on IKs. Dofetilide was used to explore the mechanism of reverse rate-dependent prolongation of action potentials by the methanesulfonanilide class III antiarrhythmic agents.
Materials and Methods

Cell Isolation
Ventricular myocytes were isolated by enzymatic dissociation from hearts of male guinea pigs (200-250 g) by use of techniques described previously.17 The dissociated cells were stored at room temperature in "standard saline." The compositions of extracellular solutions used in this study are given in Table 1 . Cells were used within 10 hours after isolation. Cells were placed in a 0.5-ml chamber that was superfused with warmed (35+±1°C) standard saline at a rate of 1-2 ml/min.
Action Potentials
Cells were current-clamped with a clamp amplifier (List model EPC-7, Medical Systems Corp., Greenvale, N.Y.) to record action potentials. For these experiments, pipettes were fabricated from Kimax-51 capillary tubes (VWR Scientific Corp., Philadelphia, Pa.) and filled with a solution containing (mM) potassium gluconate 110, KCl 20, MgCl2 2, EGTA 5, HEPES 5, and K2ATP 5 (pH 7.4). This internal solution allowed stable recordings of action potentials during rapid stimulation. The electrode resistance was 2-3 Mfl when filled with this internal solution. Action potentials were elicited with 2-msec current pulses applied at a basal rate of 12 pulses per minute and test rates of 30 or 240 pulses per minute. APD was measured at 90% repolarization (APD90) after either 10 pulses (30 pulses per minute) or 150 pulses (240 pulses per minute). After recording action potentials using both stimulation protocols, cells were exposed to 1 ,.M dofetilide during continued basal stimulation for 2 minutes before repeating the measurements. Two sets of action potential experiments were performed. Cells were either bathed in standard saline or in the same solution plus 10 ,LM nisoldipine to block L-type Ca 2 channels.
Voltage-Clamp Protocol
The suction microelectrode voltage-clamp technique described by Giles and Shibatal8 was used to record ionic currents in isolated myocytes. Microelectrodes were fabricated from 1-mm-o.d. square-bore borosilicate glass (Glass Co. of America, Millville, N.J.) as described previously.14 These pipettes had resistances of 3-7 Mfl (average, 5.5+0.2 Mfl) when filled with a solution containing 0.5 M potassium gluconate, 25 mM KCl, and 5 mM K2ATP (pH 7.3). Negative pressure was maintained on these electrodes to minimize cell dialysis. The use of these electrodes minimized the "run-down' of current normally observed in whole-cell recordings of 'K19 but limited the size of currents that could be measured because of significant series resistance. Only those experiments for which the maximum voltage error was <5 mV were included in this study. Calculations of the maximum voltage error were based on the measured uncompensated series resistance, percent compensation, and the largest current measured for a given cell. Currents were low-pass-filtered with an eight-pole Bessel filter at a cutoff frequency of 1 kHz.
The effects of dofetilide on action potentials and K' currents were examined at a concentration (1 ,uM) previously reported to cause maximal prolongation of action potentials in ventricular muscle preparations.8,9'11 The rate dependence of APD prolongation by dofetilide has been shown repeatedly to be independent of concentration (10 nM to 3 ptM) in dog or guinea pig ventricular myocytes.8,9,11 Thus, it is valid to study the mechanism of the rate-dependent action of this compound at the maximally effective concentration.
To record IK and the inward rectifier K' current (IKI), cells were bathed in standard saline plus 0. 4 tively prolonged phase 2 of the action potential, with little or no effect on the initial or terminal rates of repolarization ( Figure 1 ). The role of Ca 2+ current in the rate-dependent shortening of APD is poorly understood. The effect of dofetilide in the absence of Ca 2+ current was determined in cells pretreated with 10 ,uM nisoldipine to block L-type Ca' channels. In these cells, APD90 was 127+9 msec when stimulated at 30 pulses per minute and 106+7 msec when stimulated at 240 pulses per minute. This represented a rate-dependent decrease of 17±2% (n=6). Exposure of these same cells to 1 ,uM dofetilide prolonged APD90 by 75±8 msec at 30 pulses per minute and 53±6 msec at 240 pulses per minute. Note that the rate-dependent shortening of APD90 was reduced after block of Ca>2 current, but prolongation of APD by dofetilide was greater at both pacing rates.
Effect of Dofetilide on Specific K' Currents
In guinea pig ventricular myocytes, repolarization of action potentials from the plateau phase results primarily from activation of three outward K' currents, IKI, IKr, and lKS. We determined the effect of dofetilide on each current in separate experiments designed to isolate one current from the other two currents.
IK1
1K1 was measured during 225-msec test pulses to potentials between -120 and -40 mV from a holding potential of -40 mV. Outward 1K1 peaked at approximately -60 mV. At this potential, IKT was 4.44±0.55 pA/pF in control and 4.47±0.58 pA/pF in the presence of 1 gM dofetilide (n=10). Our data confirm earlier reports that dofetilide has no effect on IK)9 The data presented above demonstrate that dofetilide is a specific blocker of IKr, but it does not provide an explanation for the rate-dependent effects of this drug on APD. One obvious mechanism for this effect could be that dofetilide blocks IKr in a rate-dependent manner, with greater block occurring at slower stimulation rates. The pulse protocol used to measure rate-dependent effects of dofetilide on IKr is shown in Figure 6A .
Cells were bathed in 0 Ca'`/0 Na+ saline (Table 1) , and currents were recorded over a voltage range similar to that traversed during an action potential. Conditioning pulses (200-msec duration) were applied to 0 mV from a holding potential of -85 mV (the average resting potential of these cells) at rates of either 30 pulses per minute (10 pulses) or 240 pulses per minute (150 pulses). These conditioning pulse rates were the same as the rates used to demonstrate rate-dependent effects of dofetilide on APD. The train of conditioning pulses was then followed by a voltage ramp (1-second duration) applied from -85 to +40 mV. This test ramp allowed us to measure the effect of pulsing rate on IK.
over its full range of activation, while minimizing the contribution of IKS to net IK. In the example shown in Figure 6B , currents measured during the voltage ramp after either conditioning pulse protocol were nearly identical in the absence of drug. Subsequent addition of dofetilide blocked IK (primarily IKr under these conditions) to the same extent, regardless of the rate of the conditioning pulse train (Figures 6C and 6D) Figure 6B , the current activated between -85 and -30 mV (outward current through 1K1 channels) was the same after either conditioning pulse protocol. In a separate set of experiments, the effect of depolarization rate on IKI was examined with the same pulse protocols shown in Figure 6A, Figure  6A . Test depolarizations were either applied as a 1-second step to 0 or +20 mV or as a 1-second ramp from -50 to +40 mV ( Figure 7A) . After a pulse train of 240 pulses per minute, the current measured at the test potential of +20 mV was more outward than that measured after the pulse train of 30 pulses per minute ( Figure 7B ). The same effect was noted with the ramp protocol ( Figure 7C ). In both cases, the larger outward current during the test pulse or ramp was associated with a larger tail current upon repolarization of the membrane to -50 or -40 mV. If the increase in outward current during the test pulse results from incomplete deactivation of IKs ("accumulated activation"),3 then the slowly decaying tail current should be scaled upward by the same amount. In other words, regardless of the magnitude of the rate-dependent increase in outward current, the current during the test pulse divided by the tail current (IKs/IKs-tail) should [14] [15] [16] 22, 23 At the concentration used in this study, dofetilide (1 gM) completely blocked IKr, and this block was not relieved by rapid pulsing. A lack of frequency-dependent block of 'K in cat myocytes was also reported for WAY-123,398, another methanesulfonanilide.24 Thus, the mechanism for the rate-dependent action of these drugs on APD cannot be explained by a use-dependent unblock of IKr. It is important to note that rate-dependent prolongation of APD or refractory period by dofetilide occurs at submaximally as well as maximally effective concentrations.8 9, 11 At submaximal concentrations (5 Figures 6C and 6D) represented 1Kp, then this current should still be present in the absence of extracellular K' and be blocked by Ba2+. However, as shown in Figure 7C , the outward current normally recorded at potentials between -40 and 0 mV was almost completely suppressed when recorded in the 0 K' solution, a condition known to suppress IKI.2 We found that Ba2+ (0.5-2.0 mM) at potentials > -10 mV blocked both a time-independent outward current (presumably 'KP) of small magnitude (approximately 0.5 pA/pF at +60 mV) and the slow, outward current associated with rapid pulsing ( Figure   7 ) was primarily due to incomplete deactivation of lKs, as evidenced by a proportional increase in slowly deactivating tail currents. Deactivation of 'Kp is extremely rapid31 and would therefore not contribute to the magnitude of the slowly deactivating tail currents after the test pulses shown in Figure 7 .
The clinical implications of reverse rate dependence by some class III agents are unknown, but it is reasonable to suspect that these agents could be less efficacious during tachyarrhythmias and/or be proarrhythmic in the setting of bradycardia.6 Early afterdepolarizations, torsades de pointes,32 isolated ectopy, and nonsustained ventricular tachycardia33,34 have been reported after treatment with class III agents. Obviously, the relative importance of 'Kr to net repolarizing current could determine not only the maximal effect of these drugs23 but also the propensity toward proarrhythmic activity. Lengthening of APD 
